Chromosomal aberrations induced by xrays in synchronized Chinese hamster cells correlated well with mortality as the radiosensitivity was made to vary by a factor of 4 by treating the cells with colcemid or 5-bromodeoxyuridine and by irradiating the cells in different parts of the cell cycle. 37% survival was observed whe i the cells sustained about one aberration per cell. Furthermore, the positive correlation was observed during repair of damage. Repair was measured by the reduction in damage observed either as the incubation period between two doses was increased (repair of sublethal lesions), or as the cells were held at 20'C after a single dose of radiation (repair of potentially lethal lesions). Repair of both sublethal and potentially lethal lesions occurred with a halftime of about 12 min and was inhibited at 0C. These correlations strongly support the hypothesis that x-rayinduced cell death results from damage in chromatin structures.
X-ray-induced mortality in mammalian cells has been attributed primarily to aberrations or lesions in the chromosomes, and the shoulder on the survival curve was postulated to result from the interaction of independently produced aberrations (1) . Interaction of lesions has been demonstrated in terms of both chromosomal damage (2) and mortality (3) by the observation that two doses of radiation produce more than an additive effect if the second dose is given immediately after the first dose. However, if an incubation period of [1] [2] hr is allowed between the two doses, the observed damage is reduced to that expected for an additive effect (2) (3) (4) (5) (6) . This reduction in mortality, associated with divided doses, has been attributed to the repair of sublethal lesions (3) , and the reduction in chromosomal damage has been attributed to the repair or restitution of lesions in the chromosomes (4) .
To obtain evidence that the two types of lesions are identcal, we have compared the kinetics and magnitude of repair measured by mortality with those measured by chromosomal aberrations. To further test the hypothesis that mortality results from chromosomal aberrations, we have determined the correlation between cell death and chromosomal aberrations as synchronized cells were irradiated in various phases of the cell cycle, which differ in radiosensitivity. Furthermore, this correlation was studied as repair was allowed to occur during a period at 20'C after a single dose of irradiation (7, 8) ; during this period at 20'C, processes needed to complete the damage (potentially lethal) are apparently inhibited, while repair processes are not.
MATERIALS AND METHODS
Lung cells of a male Chinese hamster (Don strain) (9) and hamster ovary cells (CHO) (10, 11) , both of which were 95% near-diploid, were carried as monolayers on either glass or Falcon plastic at 370C in an atmosphere of 6% CO2 in McCoy's 5a medium (12) . The cells were synchronized as described previously (11, 12) by the selective removal of mitotic cells (mitotic indices of 90-98%) from an asynchronous population, which in some experiments (with Don cells only) had been treated for 2 hr with colcemid (0.06 Ag/ml).
The synchronized cells were incubated at 370C and were x-irradiated (effective energy of 49 keV and dose rate of 300 rad/min (12)) during various phases of the cell cycle. In some experiments, cells were irradiated at room temperature (23-27"C) in 60-or 100-mm Falcon Petri dishes placed on a rotating wax block. In other experiments, T-30 Falcon flasks were irradiated on the rotating wax block placed in a temperature-controlled water bath (either 0, 20, or 370C). To change the temperature rapidly after irradiation (e.g. from 0 or 20 to 370C), we transferred the T-flasks to a 460C water bath for 1 min before they were placed in a 370C water bath.
Chromosomal aberrations
After x-irradiation and plating, the cells were incubated for 11-25 hr to allow them to recover from radiation-induced cycle delay. They were then arrested in metaphase by a 2-3 hr treatment with colcemid (0.06.ug/ml). The cell samples were fixed by the hypotonic method when the mitotic ndex reached 10-30%, and at two or three different times; this ensured an adequate sample of the population of cells as they traversed the first mitosis after irradiation (12, 13) . 35 The results of several experiments (13, 16) , summarized in Fig. 1 , indicate the positive correlation between cell killing and chromosomal aberrations for cells irradiated at different times in the cell cycle and after treatment with radiation sensitizers. The change in radiation sensitivity is quantitated as a dose-modifying factor, the ratio of two doses that produce the same amount of damage. For cells synchronized after colcemid treatment, dose-modifying factors (data not shown) were, relative to irradiation during the mitotic phase (which is the most radiosensitive), 1. Fig. 2 ). Over 95% of the exchanges were of the chromatid type. The lines representing the single-dose data were drawn for an exchange frequency proportional to the 1.9th power of the dose. If restitution or repair is complete at the time the second dose is delivered, the response for two 300-rad doses will be additive, as indicated. Similar results were obtained for deletions, which, for single doses, were proportional to the 1.5th power of the dose.
We studied the extent of repair of these sublethal lesions by comparing the survival fraction and frequency of aberrations produced by divided doses with those produced by a single dose. The cells were irradiated during the S phase, the time in the cyc'e when the cells had the greatest capacity for repair, as evidenced by the largest shoulder on the dose-effect curve (13, 18, 19) .
Figs. 2 and 3 illustrate that, as judged either by the survival fraction or number of chromosomal exchanges, repair was essentially complete by 1-2 hr. The shoulder observed for the first dose of irradiation was also observed for the second dose of irradiation if the cells were allowed to incubate for 1-2 hr before the second dose was delivered. Thus, sublethal lesions, which do not result in cell killing or chromosomal aberrations unless they interact with similar lesions produced by a second dose of irradiation, were completely repaired during an incubation period of 1-2 hr.
Kinetics of repair of sublethal damage
As illustrated in Figs. 4 and 5, the repair both of sublethal lesions and of alterations in chromosomes (which may interact to produce exchanges) had similar repair kinetics.
A significant amount of repair occurred during 10-20 min, and as shown in Figs. 2 and 3 , repair was essentially complete by 1-2 hr. The failure to observe repair of chromosomal damage during S phase in a previous study (5) was probably caused by the fact that the cells scored for aberrations were not synchronized, and thus were not irradiated during a period in which all cells had about the same radiosensitivity.
Ideally, repair should be studied when the radiation response does not change during the interval between two portions of a divided dose, but as shown in Figs. 4 and 5, the response did change some. In fact, as shown by the "per cent labeled" curve in Fig. 4 , the cells incubated for chromosomal analysis (3 X 105) moved into S phase about 1 hr sooner than the cells plated for survival analysis (1.5 X 104). Thus, during the period between the divided doses, the cells for chromosomal analysis were starting to move into the radiosensitive G2 phase (13, 18) while the cells for survival analysis remained on the radioresistant S plateau, which explains why the survival fraction in Fig. 4 and exchanges/cell in Fig. 5 . were both increasing as the cells were irradiated at later times after plating. This slight displacement in the cycle between the two populations, however, should have little effect on the comparison of the repair kinetics (19) .
The repair kinetics from four experiments, in which both survival values and chromosomal aberrations after frac- tionated doses were compared with those after single doses, are shown in Fig. 6 . The repair ratio for chromosomal aberrations was defined as the number of aberrations for the divided dose divided by the number of aberrations for the single dose. The repair ratio for survival was similarly defined as the survival value for the single dose divided by the survival value for the divided dose. To allow for the small change in radiation response that occurred as the cells progressed in the cycle between the two doses, the response observed after the second dose of irradiation was compared with the single-dose response observed at the time halfway between the two doses (dotted lines in Figs. 4 and 5) . These results indicated that the repair kinetics for sublethal lesions and alterations in chromo- somes were similar, and that the half-time is about 12 min. Also, repair did not depend on protein synthesis since it occurred in the presence of cycloheximide, which suppressed the uptake of ['H leucine by 95% (16) . Furthermore, repair was seen for both deletions and exchanges, although there appeared to be more repair based on exchanges than on deletions. * This repair observed for deletions supports Revell's hypothesis (14) that chromatid deletions result from an exchange, i.e., the interaction of two lesions. Quantitatively, the amount of repair observed in terms of chromosomal deletions predicted quite well the repair observed in terms of survival; compare in Fig. 6 , values for R8 observed for survival with values for R8 calculated by entering deletion data into Fig. 1 (Fig. 6) , probably because most deletions, according to the exchange hypothesis (6, 14) , should affect both sister chromatids near the same locus and should thus affect both daughter cells. A chromatid exchange, however, could leave one sister chromatid, and thus one daughter cell, unaffected; this one unaffected daughter cell could then result in a colony of cells. Thus, the particular lesion or lesions in the chromosomes responsible for lethality is not clearly defined.
